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Oxygen  transport  in  polymonomethylsiloxane  was  investigated  and  compared  to 
polydimethyls iloxane  properties.  The  effects  of  rutile  pigmentation  on  the  permeabil¬ 
ity,  diffusion,  and  solubility  of  oxygen  through  polymonomethylsiloxane  were  investiga¬ 
ted.  Permeability  and  diffusion  constants  decreased  with  increasing  pigment  concentra¬ 
tion  and  there  was  no  evidence  of  oxygen  sorption  on  the  pigment. 

Relative  adhesion  of  polydimethyls iloxane  and  polymonomethylsiloxane  on 
rutile  was  predicted  from  water  contact  angles.  Polymonomethylsiloxane  was  proposed  to 
have  the  greater  adhesion  but  was  small  in  either  case. 
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reflectance  changes  as  reported  for  other  silicate  coated  pigments. 
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ence  on  either  pigment  particle  size  or  quenching  temperature.  The  initial  solar 
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ABSTRACT 


Oxygen  transport  in  polyroonom£tljy  Is  iloxane  was  investigated 
and  compared  to  polydimethyls iloxane  properties.  The  effects  of 
rutile  pigmentation  on  the  permeability,  diffusion,  and  solubil¬ 
ity  of  oxygen  through  polymonomethyls  iloxane  were  investigated. 
Permeability  and  diffusion  constants  decreased  with  increasing 
pigment  concentration  and  there  was  no  evidence  of  oxygen  sorp¬ 
tion  on  the  pigment. 

Relative  adhesion  of  polydimethyls iloxane  and  polymonome- 
thylsilojiane  on  rutile  was  predicted  from  water  contact  angles. 
Polymonomethyls  iloxane  was  proposed  to  have  the  greater  adhesion 
but  was  small  in  either  case. 

The  stability  of  dimethyl  and  monomethyl  polysiloxanes 
pigmented  with  rutile  and  zinc  oxide  was  evaluated  in  a  simu¬ 
lated  solar  ultraviolet  environment.  Oxygen  transport  proper¬ 
ties  of  the  selected  polymers  were  not  observed  to  limit  damage 
of  either  pigment.  Degradation  of  silicone/rutile  paints  was 
attributable  to  independent  optical  damage  in  the  pigment  and 
polymer.  The  silicate-coated  rutile  exhibited  small  reflectance 
changes  as  reported  for  other  silicate  coated  pigments. 

Ultraviolet  degradation  of  zinc  orthotitanate  powders 
exhibited  no  dependence  on  either  pigment  particle  size  or 
quenching  temperature.  The  initial  solar  absorptance  increased 
with  increased  quenching  temperature. 
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DEGRADATION  MECHANISMS  OF  PIGMENTED  COATINGS 


I.  INTRODUCTION 


Stringent  temperature  control  for  spacecraft  is  necessary  to  pro¬ 
tect  man  and  temperature-sensitive  electronic  equipment.  The  exchange 
of  radiant  energy  between  the  vehicle  and  space,  the  principal  means 
for  temperature  regulation,  is  controlled  by  the  optical  properties  of 
the  surface  of  the  spacecraft;.  For  space  travel  near  the  earth;  coat¬ 
ings  have  been  applied  with  a  low  solar  absorptance  (as)  to  infrared 
emittance  (e)  ratio.  Thermal,  control  coatings  are  white  and  consist  of 
oxide  pigments  of  high  index  of  refraction  dispersed  in  a  polymeric 
binder  of  low  refractive  index.  Unfortunately,  coatings  of  this  type 
are  damaged  when  exposed  to  high  energy  bombardment  (solar  ultraviolet 
radiation,  protons,  and  electrons)  in  space.  The  damage  produces  an 
increase  in  the  solar  absorptance  of  the  paint. 

Much  work  has  been  directed  toward  identification  of  the  degrada¬ 
tion  mechanisms .  If  the  causes  of  degradation  were  understood,  coatings 
which  are  stable  or,  at  least,  degrade  in  a  predictable  manner,  might 
be  developed.  Degradation  has  been  observed  in  the  pigment  and  the 
polymeric  binder;  however,  binders  now  exhibit  minimal  degradation  and 
the  major  goal  remains  to  develop  a  stable  pigment. 

Radiation  produced  defects  which  absorb  photon  energies  in  the  solar 
spectrum  are  the  cause  of  optical  degradation  in  oxide  pigments.  The 
identification  of  the  absorbing  defects  has  received  considerable  atten¬ 
tion.  For  the  purpose  of  this  investigation,  the  exact  absorbing  species 
is  unimportant  but  in  all  cases  the  formation  of  absorbing  species  is 
accompanied  by  the  photodesorption  of  oxygen.  Thus,  the  oxygen  trans¬ 
port  properties  of  polymer  encapsulants  will  influence  pigment  stability. 

In  some  cases,  polymeric  binders  have  substantially  influenced  the 
degradation  of  thermal  control  coatings  but  the  interaction  of  the  pig¬ 
ment  and  the  polymer  has  not  been  established.  Suggestions  of  pigment 
surface  passivation  by  the  encapsulating  medium  has  warranted  considera¬ 
tion  of  the  pigment -polymer  interface  stability.  The  surface  condition 
of  the  pigment  has  been  regarded  as  being  a  prime  consideration  in  under¬ 
standing  degradation. 

The  purposes  of  this  investigation  are  to  determine  pigment  degra¬ 
dation  dependence  on  (l)  oxygen  transport  in  typical  polymeric  binders, 
(2)  pigment/polymer  surface  compatibility,  (3)  pigment  surface  area,  and 
(4)  heat  treatment. 
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II.  TECHNICAL  DISCUSSIOK 

t 

1.  Solar  Reflectance  and  Absorptance 

The  effect  of  optical  parameters  on  solar  reflectance,  Rg,  and 
solar  absorptance,  qs,  ,may  be  defined  by  measurement  principles.  Solar 
reflectance  is  measured  for  calculation  of  solar  absorptance  and  their 
sum  is  unity. 


Rs  +  «s  =  1  (!) 

s 

Reflectance  is  measured  as  a  function  of  wavelength  and  relative  to  a 
suitable  white  standard  such  as  MgO,  MgC03,  or  6aS04.  The  reflectance 
of  the  standard  is  assumed  to  be.  one,  R^std  =  <^ie  subscript  denotes 
a  sample  sufficiently  thick  to  prevent  transmission;  in  practice,  typical 
standards  have  a  reflectance  of  O.98  to  0.99- 1  the  reflectance  of  typi¬ 
cal  thermal  control  pigments  is  shown  in  Fig.  1. 

Solar  reflectance  over  the  solar  spectrum"  may  be  calculated  from 

•  . 

**=  JW*  '  (2) 

where  Is^  is  the  solar  radiation  intensity  at  a  specific  wavelength  and 
is  the  resulting  reflectance.3  At  'any  wavelength^  solar  reflectance 

is  proportional  to  solar  radiation  intensity.  In  practice,  the  solar . 
spectrum  is  incremented  into  n  equal  energy  bands,  and  solar  reflectance 
is  calculated  from  1 

Rs=£  Ri/n  '  (3) 

i=l  ■ 

where  Rj  is  the  average  reflectance. 


2.  Flight  Evaluations  of  Coatings 

Until  1965,  the  solar  absorptance  of  oxide  pigments,  such  as  ZnO  . 
and  Ti02 ,  was  thought  to  increase  only  slightly  by  exposure  to  ultra¬ 
violet  radiation.  In  the  laboratory,  the  most  stable  thermal  control 
coating  was  polydimethylsiloxane  pigmented  with  zinc  oxide  which  later 
proved  extremely  unstable.  Before  1965 >  optical  stability  was  deter¬ 
mined  by  measuring  the  solar  reflectance  before  and  after  ultraviolet 
irradiation  in  a  vacuum  but  with  post-irradiation  reflectance  measure¬ 
ments  in  air. 

The  first  serious  discrepancies  were  reported  by  Zearson'5  for  data 
collected  on  Orbiting  Solar  Observatory  II.  Solar  absorptances  of 

Preceding  page  blank 
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Figure  1.  Typical  Ultraviolet  Degradation  of  (a)  Zinc  Oxide, 
(b)  Rutile,  and  (c)  Zinc  Orthotitanate  at  Five  Suns 
Intensity 
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titanium  dioxide  and  zinc  oxide  in  silicone  binders  increased  at  rates 
greater  -than  laboratory  predictions.  Confirming  data  were  obtained  on 
the  Mariner  IV  flight  where  zinc  oxide  in  potassisa  silicate  degraded 
at  ten  tines  the  laboratory  rates.5  The  flight  -laboratory  discrepancies 
were  denanstrated  by  MacMillan  et  si.  by  decreased  reflectance  under 
vacuum  and  ultraviolet  irradiation.0  Subsequent  measurements  of  reflec¬ 
tance  under  vacuum  were  referred  to  as  in  situ. 

7-i nc  pride  and  titanium  dioxide,  both  in  polydigethylsi lozene, 
exhibited  increases  of  0.10  and  0.15,  respectively,  in  solar  absorptance, 
Adj,  at  1330  equivalent  sunlight  boors,  2SH.  So  further  absorptance 
changes  occurred  on  termination  of  ultraviolet  irradiation,  but  within 
ten  winutes  of  air  amission,  induced  solar  absorptance  decreased  to 
0.01  for  zinc  oxide  and  to  0.03  for  titaaita  dioxide.  The  solar  absorp¬ 
tance  recovery  to  near  pre-irradiation  values  invalidated  *any  previous 
radiation  danage  concepts .  A  description  of  in  situ  reflectance  appa¬ 
ratus  was  reported  by  Zerlaut  and  Courtney.7 

Since  radiation-induced  solar  absorptance  bleaches  rapidly  by 
exposure  to  air-  a  rrurber  of  flight  experiments  were  designed  to  test 
laboratory  in  situ  measurements.  Data  free  Pegasus  I  and  CS0-1I  (both 
near-earth  orbit  spacecraft)  agreed  well  with  laboratory  results  for  a 
zinc  oxide  and  po3 vdinethyls i  1  oxane  coating.8  Flight-laboratory  correla¬ 
tion  was  shown  to  be  highly  dependent  on  the  laboratory  ultraviolet 
radiation  source.  Sacples  free  the  near-earth  orbit  of  0S0-III  corre¬ 
lated  well  for  zinc  oxide  degraded  with  a  mercury  arc  lamp  while  xenon 
radiation  produced  much  higher  optical  damage  than  found  in  flight.9 
This  wets  surprising  because  xenon  radiation  Batches  the  solar  spectrum 
better  than  a  mercury  arc,  and  induced  absorptance  is  highly  dependent 
on  the  spectrum  of  the  radiation  source.10 

For  deep  space  flights  (the  Mariner  and  Lunar  Orbital  series), 
solar  absorptance  increases  were  much  greater.  Increased  degradation 
was  attributed  to  increased  particulate  radiation  (solar  electrons  and 
protons)  found  in  deep  space.  Particulate  radiation  is  negligible  for 
near-earth  flights  and  prediction  of  thermal  control  responses  from 
laboratory  testing  is  reliable.  Deep  space  simulation  using  combina¬ 
tions  of  electrons,  protons,  and  solar  ultraviolet  radiation  has  been 
poor  due  to  the  inability  to  duplicate  the  solar  radiation  err/iroment 
and  the  synergistic  effects  of  combined  irradiation.11*12 


3.  Degradation  and  Damage  Mechanisms 

The  evolution  of  oxygen  from  oxide  pigments  by  the  combination  with 
photo-induced  defects  is  necessary  for  most  proposed  mechanisms  of  ultra¬ 
violet  degradation.  The  strongest  evidence  for  relating  ultraviolet- 
induced  reflectance  decreases  to  oxygen  desorption  has  been  the  recovery 
of  reflectance  to  pre-irradiation  values  with  oxygen  admission. 
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a.  Zinc  Oxide 

Optical  damage  is  zinc  azide  occurs  in  two  distinct  regions, 
the  visible  {O.h-0 .8  si  crons)  and  the  infrared  (above  0.8  micron) . 

Damage  in  the  infrared  region  rapidly  and  completely  bleaches  upon  expo¬ 
sure  to  air  while  damage  in  the  visible  shows  very  little  recovery-  The 
infrared  oarage  spectra  can  be  regenerated  by  vacum  and  nay  be  observed 
for  several  cycles  of  air  and  vacuums  exposure.  It  is  related  to  the  loss 
and  gain  of  physically  adsorbed  oxygen.1"’ 

ihoiodesorption  of  oxygen  has  been  related  to  Tixxtccontinctivity 
in  zinc  oxide.  Increases  in  system  pressure  and  conductivity  occurred 
simultaneously  with  tungsten  irradiation.  Desorbed  oxygen  was  presumed 
responsible  for  pressure  increases.1*  Oxygen  was  shown  to  be  photo- 
desorbed  from  irradiated  zinc  oxide,  but  namometric  measureaeits  pre¬ 
vented  gas  species  identification.  The  absorbed  oxygen  species  were 
postulated  to  be  G“,  0",  aim  02-  with  the  relative  quantities  dependent 
on  temperature.15  3y  electrical  conductivity  and  pressure  ceasureaents, 
the  predocdiiant  absorbed  species  at  rose  temperature  was  deduced  to  be 


Zinc  oxide  has  a  ne^tiv®  surface  charge  produced  by  the  checi- 
sorption  of  molecular  oxygen  on  the  surface  as  depicted  in  equation  (4), 17 
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Oxygen  adsorption  concentrates  excess  electrons  at  the  surface  and  pro¬ 
duces  an  electron  deficient  region  extending  approa irately  100  to  1000  A 
from  the  surface.18  Further  evidence  for  surface  degradation  was  the 
lack  of  detectable  damage  in  single  crystal  zinc  oxide.19 

Radiation  induced  holes,  attracted  to  the  surface  by  the  nega¬ 
tive  charge,  ccabine  with  chemisorbed  oxygen  to  form  physically  adsorbed 
oxygen.  Samll  attractive  forces  (0.05  eV)  permit  thermal  oxygen  desorp¬ 
tion.  Under  vacuum,  desorption  is  irreversible  and  excess  zinc  is  de¬ 
posited  at  the  surface  to  reverse  the  charge.  Holes  must  overcome  a 
retarding  potential  before  the  defect  concentration  reaches  equilibrium. 
Thus,  induced  absorptance  reaches  a  constant  value  for  a  specific  set  of 
conditions.  Degradation  rate  nay  seem  to  be  initially  limited  by  oxygen 
desorption  and  later  by  hole  arrival  at  the  surface.19 

Blakemore  assumed  that  interstitial  zinc  was  responsible  for 
increased  solar  absorptance.'  °  Sklensxy,  et  al.  proposed  induced  infra¬ 
red  absorption  by  either  free  carrier  electrons  or  oxygen  vacancies  (F- 
centers) .  Free  carrier  absorption  was  eliminated  because  free  electrons 
were  not  detected  by  electron  spin  resonance  and  absorption  did  not 
increase  as  the  third  power  of  wavelength.  Visible  absorption  was 
attributed  to  either  lattice  distortion  stemming  from  excess  zinc  or 
hole  traps.  Lack  of  visible  spectrum  recovery  was  in  agreement  with 
diffusion  of  zinc  to  produce  lattice  strain.21 
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Morrison  and  Freund  proposed  matt  excess  rise  precipitated  at 
dislocations.  The  resalting  lattice  strain  vdqM  cause  toe  absorption 
edge  to  develop  a  tail  extending  into  tbe  visible  and  infrared  or  absorp¬ 
tion  by  a  complex  zinc-dislocation  color  center  would  occur.  They  sup¬ 
ported  tbe  dislocation  theory  by  inducing  surface  dislocations  in  single 
crystal  sine  oxide  to  produce  a  band  edge  shift  indistinguishable  from 
the  photodegradation  shift.22 


b.  Rutile 


Rutile  degradation  is  similar  to  zinc  oxide  with  absorption 
from  the  absorption  edge  into  tbe  infrared  am*  a  m&.-rimrrm  fy*jm  approxi¬ 
mately  0.8  to  2.0  micron.  Recovery  of  rutile  is  incomplete  with  greater 
permanent  damage  remaining  in  the  visible  than  in  the  infrared.  23  5Eo 
measurable  absorption  increase  for  single  crystal  rutile  is  in  accord 
with  a  calculated  electron  depletion  depth  of  2000  l_.‘4 

Oxygen  adsorption-desorption  degradation  control  fees  been  sug¬ 
gested  for  rutile.  Correlation  has  been  established  between  increased 
solar  absorptance  increases  in  «»avivw  <>i«yrinc  nressure  evolved  from 
rutile  containing  in  excess  of  100  ppm  carbon.25  An  increase  in  oxygen 
pressure  was  observed  during  the  peat  degradation  rate  of  rutile,  but 
tbe  quantity  of  oxygen  was  too  awn  to  clearly  distinguish  between 
adsorbed  and  desorbed  oxygen.25 

A  large  irurber  of  defects  bare  been  suggested;  among  them  are 
F-centers.  interstitial  titaaiUB,  and  Ti*3.27  Greerberg,  et  al.  sug¬ 
gested  that  the  broadness  of  tbe  absorption  band  resulted  from  several 
combined  defects^such  as  (e/Oy"2/'"i+3)0,  (0 v~zf'£ir3),  or 
(Ti+3/0v'*2/Ti+3)  .2S  Coufova  and  arsnd  studied  the  optical  absorption 
spectrum  by  annealing  rutile  in  hydrogen  and  attributed  absorption 
peaks  at  0-5  and  0.66  micron  to  electrons  at  oxygen  vacancies.29 
Von  Hippie,  et  al.  observed  absorption  at  1.5  microns  in  oxygen- 
deficient  rutile  and  concluded  it  was  caused  by  lattice  collapse  from 
oxygen  loss,  allowing  Ti+4  to  trap  electrons  and  fora  Ti45  near  oxygen 
vacancies.30  Yahia  measured  electrical  conductivity  of  rutile  as  a 
function  of  oxygen  pressure  at  1000° K. 31  For  pure  rutile,  an  oxygen 
vacancy  mechanism  was  predominant  above  10  mHg  and  titanium  intersti¬ 
tials  dominated  below  10  mmHg.  For  Al-doped  rutile,  both  mechanisms 
were  present  but  could  not  be  separated. 

c.  Zinc  Orthotitanate 

Zinc  orthotitanate  exhibits  ultraviolet-induced  absorption 
similar  to  rutile  except  the  peak  degradation  occurs  at  0.85  micron. 
Through  electron  paramagnetic  resonance  studies,  Ashford  and  Zerlaut 
conclude!  that  Ti+  1  was  created  by  photodesorption  of  oxygen  and  is 
responsible  for  induced  absorption  in  zinc  orthotitanate.52 
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Silicones  tore  received  widespread  use  as  a  binder  in  tteraal 
control  coatings.  Iblydiwethylsilcxane,  [(CEs’JaSiOJjj,  am  polynono- 
■ethylsi loxnnr ,  [CH^SKl  _5]n,  have  absorption  edges  near  0.2  aicron  and 
are  transparent  in  the  reminder  of  the  ultraviolet  and  the  visible 
spectrin.  Both  silicones  exhibit  absorption  increases  in  the  ultra¬ 
violet  and  shortwave  portion  of  the  visible  spectim  after  exposure  to 
solar  eggiroouent.  Ibljrmnosgthylsiloanne  is  ttenullj  cured  and  is 
■ore  stable.  Use  greater  degradation  of  the  diaethylsi locnuae  results 
from  fe— y  to  the  catalyst  used  in  curing.34  Recent  evidence  indicates 
that  the  instability  of  the  dimethyl  fore  is  not  caused  by  curing  agents 
bat  by  silicone  decomposition  or  trace  contamination.35 

In  paints,  silicone  degradation  is  saner  compared  to  pigment 
degradation.  Pigmentation  with  ultraviolet  absorbent  materials  provides 
additional  protection  for  the  binder  by  screening.  1ms,  the  major 
effort  in  improving  the  solar  stability  of  thermal  control  coatings  bas 
been  directed  toward  pigaents. 


Comparison  of  binderless  pigments  with  paints  indicate 
improved  degradation  resistance  from  the  silicone  binders.  A  rutile 
ivrtydimethyl  si  imrane  paint  showed  (l)  infrared  absorptance  increases 
to  be  lower  and  slower  for  the  paint  than  the  pigment,  (2)  paint  degra¬ 
dation  to  increase  with  temperature,  and  (3)  increasing  the  ultraviolet 
intensity  increased  pigment  degradation  while  paint  degradation  remained 
insessxtire.35  These  results  suggested  that  oxygen  transport  throi^b 
the  binder  my  limit  degradation.  In  a  similar  investigation  of  rutile- 
silicone  paints  £rd  binderless  pigments,  recovery  rates  suggested 
diffusion-limited  kinetics  for  the  paints.  Also  the  binder  appeared  to 
have  a  passivating:  effect  on  the  pigment.37 


4.  PigDent  Surface  Stabilization 


Single  crystals  exhibit  no  increase  in  solar  absorptance,  while 
corresponding  pigments  with  surface  areas  four  orders  of  magnitude 
greater  degrade  severely.  Similarly,  larger  particles  exhibit  less 
degradation  for  the  same  volume  concentration  than  smaller  ones.38 
Increased  degradation  rates  may  he  attributed  to  increased  lattice 
strains  and  increased  surface  defect  states  produced  in  grinding.39 
The  radiation  induced  defects  may  be  confined  to  the  electron  depleted 
region  near  the  surface  of  each  particle.  Pigments  with  a  radius 
smaller  than  the  depletion  depth  degrade  in  bulk,  while  the  solar 
absorptance  of  larger  particles  remain  unchanged  at  a  core. 

The  importance  of  improving  pigment  surface  stability  led  to  vari¬ 
ous  passivation  processes.  The  most  widely  referenced  passivation  was 
zinc  oxide  with  potassium  silicate  in  aqueous  solution.40  Silicate- 
coated  zinc  oxide  became  one  of  the  most  ultraviolet  stable  thermal 
control  coatings  produced  to  date.41  Zerlaut,  et  al.  reported  that 
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the  silicate  replaced  surface  oxygen  and  presented  oogf^ss  jtootodesorp- 
tion.42  This  nedeniat  suggested  chemical  passivation  bat  saessSy, 
et  al.  concluded  that  silicate  coating  nay  physically  inhibit  oxygen 
transport.43  A  similar  silicate  coating  is  commonly  used  on  terrestrial 
rutile  pigment  to  improve  the  resistance  to  ultraviolet  discoloration 
and  fading.44  The  coating  is  precipitated  from  aqueous  soditm  silicate 
and  calcined  at  k00*-6009c.*s  Approximately  of  zinc  pride  is  also 
precipitated  from  a  zinc  sulfate  solution  during  the  coating  process.45 

xitama-opacified  porcelain  enamels  have  extreme  stability  in  an 
ultraviolet  euvironoemt,  and  even  high  'degradable  antimony  oxide 
emibits  surprising  stability  in  an  wibw-.  .  ~  The  stabilization  of  an 
emmel  may  involve  either  chemical  passivation  and/or  physical  inhibi¬ 
tion  of  oxygen  jhotodesorption.  how  oxygen,  diffusion  in  glasses  promote 
physical  passivation  even  in  the  absence  of  cteical  stabilization. 


5.  Sfess  Transport  is;  pipers 

For  steady  state  flow  of  a  gas  throats  a  membrane  of  thickness.  I, 
the  permeability  coefficient,  P,  is  defined  as 

J  =  P  (Pi-P,)/^  (5) 

where  J  is  the  flux  per  unit  membrane  area  perpendicular  to  the  direction 
of  flow,  p,  is  the  gas  pressure  on  the  high  pressure  side  of  the  membrane 
and  p?  is  the  pressure  on  the  low  pressure  side.4®  For  experimental 
simplicity  p2  -  0  and  p2  «  p, ,  so  that  p  -p  =  p, .  If  Henry’s  law  is 
valid  over  the  pressure  region,  the  solubility  coefficient,  S,  is 

C  =  Sp  (6) 

where  C  is  concentration.49  For  conditions  of  equllibrim  at  the  gas 
polymer  interface,  the  steady  state  diffusion  coefficient,  D,  is  given 
by  Pick’s  first  law. 

J  =  DC I l  (7) 

and  by  combining  equations  (5)  -  17) ,  tue  relation  between  P,  D,  and  S 
is 

P  =  DS.  (8) 

For  diffusion  in  a  pure  polymer  the  diffusion  coefficient  is  equal 
to  the  interdiffusion  coefficient,  B^,  for  the  gas-polymer  mixture. 

If  Henry’s  law  is  valid  for  the  gas-polymer  solution,  there  is  no  chemi¬ 
cal  activity  correction,  and  if  the  gas  solubility  is  dilute  with 
respect  to  the  diffusion  gases,  then 


(9) 


D  =  D,2  =  D,  =  ft* 

where  D,  and  ft*  are  tise  intrinsic  and  coefficients  of 

the  gas  in  the  gas-polymer  mixture.90  Uben  the  higi  pressure  is  mein- 
Wflrf  constant,  the  gas  concentration  in  the  maixrane  is  initially 
zero  the  gas  permeates  into  an  evacuated  constant  volme,  the  low 
pressure  will  increase  with  a  continually  increasing  rate  until  a  steady 
state  pressure  rate  is  reached.  Fig.  2.  Extrapolation  of  the  steady 
state  pressure-tine  curve  to  the  tine  axis  establishes  the  lag  tine,  L, 
is  used  to  calculate  the  diffusion  coefficient  frost,51 


D  =  rVoL.  (ID) 

The  steady  state  pressure  rate,  dP/dt,  is  used  in  deteraining  the  pezne- 
ability  constant,  P.  Determinations  of  the  diffusion  coefficient  fro® 
tine  lag  and  the  permeability  constant  fron  steady  state  neasuresents 
have  been  used  extensively  to  determine  gas  permeability,  diffusion, 
and  solubility  in  polyners  . 

Permeability,  diffusion  and  solubility  are  exponentially  related 
to  temperature  according  to  the  Arrhenius  relationships , 


P  =  P0  exp-(Ep/RT), 

(H) 

D  =  fle  exp-(Eu/RT) , 

(12) 

and 

S  =  So  exp-(AH s/te). 

(13) 

-where  P0,  D0,  and  Sq  are  pre-exponential  factors,  Ep  and  Ejj,  art  activa¬ 
tion  energies  for  permeability  and  diffusion,  respectively,  and  £HS  is 
the  heat  of  solution.52  Substitution  of  equations  (ll)  to  (13)  into 
equation  (8)  gives  the  relation  between  Ep,  Eg,  and  £HS, 

Ep  =  ED  +  4HS.  (1U) 

Equations  (11)  to  (13)  have  been  shown  to  be  valid  for  simple  gases  in 
many  polymers  over  limited  temperature  ranges.53’54 

Activation  energies  for  diffusion  are  dependent  on  the  degree  of 
crosslinking  in  polymers.  As  crosslinking  increases  in  natural  rubber 
by  additions  of  sulfur,  diffusion  activation  energies  increase.  Bie 
changes  may  he  attributed,  to  a  reduction  in  the  mobility  of  the  polymer 
chains  as  crosslinking  increased.55 

Heats  of  solution  for  gases  in  polymers  include  the  heat  of  mixing 
and  heat  of  condensation.  Both  are  small  with  the  heat  of  mixing 
usually  positive  and  the  heat  of  condensation  always  negative.  Thus, 
heats  of  solution  may  be  positive  or  negative  and  are  usually  small.56 


10 


m.  ■ 


W\ 

i  * 

j  * 

i : 

\  j 

!  i 


K75 


Figure  2.  Typical  Pressure-Time  Curve  for  Measurement  of 
Gas  Permeability  and  Diffusion 
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a.  Rjlydiaethylsi  loxane 


Poly  dimethyls  ilozane  (PEKS)  consists  of  linear  molecules  based 
an  the  (CB^isSiO  unit  shown  below.57 


CH,  OB, 

*.  *  f 

-Si  — 0-si—  O-Si—  o  “ 

I  I  I 

0*3  CH3  CIb, 


Ibis  elastomer  remains  amorphous  to  approximately  -50®C  where  crystal¬ 
lization  begins  amrf  awtinaei  to  below  -60®C.5S  A  low  energy  barrier 
allows  free  rotation  of  CH3  groups  about  siloxane  bonds55  and  results 
in  high  gas  nobilities  in  the  elastomer  .GO>gl  Solubilities  of  gases  in 
KKS  are  similar  to  those  in  natural  rubber  although  diffusion  and  perme¬ 
ability  coefficients  are  at  least  an  order  of  nagnitude  greater.62 

Barrer  and  Chio  neasured  oxygen  permeability,  diffusion,  and 
folnbility  constants  in  polydimethylsilozane  filled  with  silica  over 
the  temperature  range  -40  to  0®C,  Table  I.  The  low  activation  energies 
for  diffusion  are  associated  wish  free  rotation  of  methyl  groups. 


Table  I  -  Oxygen  Transport  Constants  for 
Iblydimethylsiloxane/Silica63 


T 

(°c) 

Volume  Per  Cent  Silica 
5.51*  18.2 

PzlO8 
(cc(STP)/sec/ 
cm2/cm/cm  Hg) 

0 

4.89 

3.85 

D  x  iflP 

(cm2 /sec) 

0 

12.0 

.10.6 

S 

(cc  (STT)  /cc/atm) 

0 

0.311 

0.277 

% 

(cal/mole) 

40  to  0 

2070a 

l870a 

ed 

(cal/mole) 

-40  to  0 

2160 

3060 

(cal/mole) 

-40  to  0 

-90a 

-H90a 

.12' 


Calculated 


Comparison  of  Ep  and  D0  to  those  for  self -dif  fus ion  in  liquids  indicated 
that  polydinettylsiloxane  is  more  comparable  to  liquids  than  other 
elasianers.  Higher  activation  energy  for  diffusion  at  the  higher  filler 
concentration  was  attributed  to  the  filler  particles  acting  as  crosslink¬ 
ing  agents  and  producing  a  tighter  chain  network.63 

b.  Effect  of  Pigmentation 

Solubility — Where  the  binder  and  the  pigment  in  thermal  con¬ 
trol  coatings  can  he  considered  separate,  noninteracting  phases,  the  gas 
solubility  coefficient  of  the  paint  in  the  absence  of  pores  can  be 
expressed  as 

S  =  VBSB  +  VpSp  (15) 

where  VB  2nd  Vp  are  the  volume  fractions  of  binder  and  pigment,  respec¬ 
tively,  3b  is  the  solubility  coefficient  of  binder,  and  Sp  is  the  sur¬ 
face  adsorption  coefficient  of  the  pigment.  Should  porosity  be  present 
in  the  pignajited  polymer,  the  quantity  of  gas  occupying  the  pore  would 
be  added  to  equation  (15) ,  giving, 

S  =  VbSb  +  VpSp  +  Vv  (16) 

where  Vv  is  the  volume  fraction  of  pores  or  voids  and  Sy  is  the  solu¬ 
bility  coefficient.  If  there  are  no  voids  and  the  polymer  wets  the 
pigment  to  the  exclusion  of  gas  adsorption,  the  solubility  of  the  com¬ 
posite  will  be  represented  by  equation  (15)  with  Sp  equal  to  zero.64 
If  the  pigment  is  not  completely  wet  by  the  polymer,  an  extensive  inter¬ 
face  is  created  for  gas  adsorption.  For  natural  rubber  filled  with 
carbon  black,  tbe  hydrogen,  nitrogen,  and  oxygen  solubilities  in  the 
composite  were  greater  than  predicted  for  rubber  alone.65 

Barrer,  et  al.  investigated  solubility  of  propane  at  40°C  in 
natural  rubber  filled  with  0  to  40  volume  per  cent  zinc  oxide.  At  low 
filler  concentrations,  propane  solution  occurred  in  the  rubber  only;  as 
pigment  concentration  increased,  filler  adsorption  and  solubility  was 
well  represented  by  equation  (15) •  The  porosity  at  higher  pigment  con¬ 
centrations  was  associated  with  aggregates  which  prevented  wetting  by 
the  polymer.60 

Solubility  of  C4  and  C5  paraffins  in  silicone  rubber  filled 
with  0  to  19  volume  per  cent  silica  was  predicted  by  equation  (15)  with 
silica  adsorption  equal  to  zero.  An  investigation  of  temperature  effects 
showed  no  variation  in  heats  of  solution  with  filler  concentration.67 

Dif fus ion— Dif fusion  in  a  heterogeneous  medium  is  a  complex 
situation  for  which  diffusion  equations  have  not  been  derived.  Instead, 
existing  equations  have  been  modified  to  take  into  account,  among  other 
things,  increased  path  length  due  to  the  presence  of  the  filler.  Barrer, 
et  al.  reported  for  transient  state  flow, 
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(17) 


ac  agcB 
at '  VbKDb 

which  can  be  compared  to  Fick’s  Second  Law  where  D  is  not  a  function  of 
position, 

SC  d2C 

St  =  D  dx2  (l8> 


where  C  and  Cg  are  concentration  in  the  pigmented  polymer  and  polymer, 
respectively;  t  is  time;  K  is  a  structure  factor;  D  and  Dg  are  the  dif¬ 
fusion  coefficients  in  the  pigmented  polymer  and  polymer,  respectively. 
The  concentration  of  gas  in  the  pigmented  polymer  excluding  the  pore 
phase  is 


C  =  VBCB  +  VpCp 

and  if  Henry’s  law  holds  for  the  pignent  and  the  polymer, 


(19) 


Cp/CB  “  Sp/SB‘ 


(20) 


Rearrangement  of  equation  (19)  and  substitution  of  equation  (20)  gives. 


CB 


_ c 

Vb  +  Vp(Sp/SB) 


Therefore, 

S2CB  _ _ 1_ _ S^c 

Sx2  VB  +  Vp(Sp/SB)  Sx2 


and 

Vn 

D  =  KDg  - 7 - T-r 

VB  +  Vp(Sp/Sg) 

If  no  adsorption  occurs  on  the  pigment, 

D  =  K  Dg 


(21) 


(22) 


(23) 


(24) 


Equations  (17)  through  (24)  are  based  on  the  assumptions  that  diffusion 
proceeds  only  in  the  polymer  phase  and  diffusion  in  the  polymer  is 
unchanged  by  the  filler.68 


Rayleigh69  in  1892,  derived  a  structure  factor  predicting  the 
influence  of  a  cubic  lattice  of  spheres  on  the  properties  of  a  medium. 
His  factor  has  been  successful7 °>  1  in  explaining  diffusion  in  hetero¬ 
geneous  media  and  can  be  expressed  as 


K  = 


_1_ 

% 


3vt 


2  +  vp  -  0.392  vp10/2 


(25) 
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Equation  (25)  makes  no  assumption  on  the  size  of  particles  present  but 
only  upon  the  volume  fraction. 


Permeability — Changes  in  permeability  constants  caused  by  pig¬ 
mentation  have  been  expressed  using  the  structure  factor  of  equation 
(25) .72  Since  D  =  P/s,  substitution  into  equation  (23)  gives. 


Z  =  K  —  VB 

S  SB  VB  +  Vp(Sp/SB) 

and  on  rearrangement, 

P  =  K  VbPr  - - - 

13  13  VBSB  +  VpSp 


(26) 


(27) 


Substitution  of  equation  (15)  into  (27)  gives. 


P  =  K  VBP6  , 


(28) 


where  Pg  is  the  permeability  constant  for  the  polymer.  Equation  (28)  is 
valid  whether  or  not  adsorption  occurs  on  the  pigment. 


6.  Surface  Energies,  Contact  Angle,  and  Adhesion 

Equilibrium  between  the  three  surface  energies  in  a  system  composed 
of  a  drop  on  a  plane-solid  surface  is  given  by  Young's  equation. 


?SV  ~  7SL  +  7LV  cos  9 


(29) 


where  ySy,  ySL,  and  7LV  are  the  surface  free  energies  of  the  solid-vapor, 

solid-liquid,  and  liquid-vapor  interfaces,  respectively,  and  9  is  the 
so lid-liquid- vapor  contact  angle  measured  through  the  liquid  phase, 

Fig.  3.  Of  the  four  parameters  only  and  0  are  experimentally  deter¬ 
minable.  The  surface  free  energy  of  the  liquid-vapor  interface  is  the 
surface  tension  of  the  liquid  in  equilibrium  with  its  vapor  and  the  con¬ 
tact  angle  can  be  measured  by  a  variety  of  techniques.73 

The  wettability  of  a  solid  by  a  liquid  is  indicated  by  contact 
angle.  If  a  solid  is  not.  completely  wet,  the  liquid  contact  angle  is 
greater  than  zero  and  if  complete  wetting  or  spreading  occurs,  the  con¬ 
tact  angle  is  equal  to  zero.  Conditions  for  spreading  are  given  by 

S  =  7SV  "  (7SL  +  7SV^  (30) 
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Vapor 


where  S  is  the  spreading  coefficient.  For  spreading  to  occur,  S  must 
be  greater  than  zero.  This  simply  means  that  the  combined  free  energies 
of  the  solid-liquid  and  liquid-vapor  interfaces  must  be  less  than  the 
solid-vapor  free  energy.  Under  this  condition  the  systems  total  free 
energy  is  reduced  by  eliminating  as  much  of  the  solid-vapor  interface 
as  possible.74 

The  reversible  work  of  separating  a  liquid  from  a  solid  is  equal 
to  the  free  energy  change  of  the  system, 


WA  ~  ?SV  +  ?LV  "  ?SL 


(31) 


where  WA  is  the  work  of  adhesion.  On  substitution  for  7gv  from  Young's 
equation,  the  work  of  adhesion  is 

WA  =  V  ^  +  cos  °)*  (32) 
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Zisman  presents  a  compilation  of  work  of  adhesion  values  and  shows  that 
the  work  of  adhesion  is  a  parabolic  function  of  surface  tension.75 

Contact  angles  of  liquids  advancing  over  previously  norwetted  sur¬ 
faces  may  be  very  different  from  the  receding  angle.  This  ins  been 
attributed  to  the  surface  roughness  of  the  solid.  If  gas  is  not  trapped 
at  the  solid-liquid  interface,  contact  angles  less  than  90°  decrease 
with  increasing  surface  roughness '  and  angles  greater  than  90°  increase.76 

Strain  in  glass  has  been  observed  to  have  a  sizeable  effect  on  water 
contact  angles.  The  contact  angle  of  water  on  a  clean  glass  is  normally 
zero,  but  Bartell,  et  al.  found  water  contact  angles  as  high  as  80°  on 
glass  that  had  been  rapidly  cooled.  Examination  of  the  glass  with  polar¬ 
ized  light  revealed  intense  strain.  After  strain  removal  by  annealing, 
the  contact  angle  returned  to  zero.  Induced  mechanical  compression  also 
caused  an  increase  in  contact  angle.77  The  effect  of  gravity  on  con¬ 
tact  angle  is  considered  negligible  and  is  generally  ignored;  however, 
differences  in  contact  angles  as  much  as  12°  have  been  caused  by  gravity 
for  a  lucite-water-air  system.78  » 

Surfaces  containing  exposed  methyl  groups  ,are  hydrophobic  and 
exhibit  large  contact  angles  with  water.  Highly  condensed  packing  of 
methyl  groups  in  crystallized  paraffins  have  water  contact  angles  as 
large  as  111° ,  while  the  less  densely  packed  methyl  groups  of  amorphous 
paraffins  have  contact  angles  of  101°.  An  angle  of  101°  was  found  for 
polydimethylsiloxane  which  indicated  that  the  methyl  groups  at  the  sur- ' 
face  efficiently  shielded  the  subsurface  Si-0  linkages.79  , 

From  studies  of  adhesives,  it  is  generally  fdund  that  polar  surfaces 
will  bond  to  polar  surfaces  and  nonpolar  to  nonpolar.  Glass  with  a  nega¬ 
tive  surface  charge  has  a  polar  surface  and,  consequently,  it  is  wet  by 
water.  When  bonding  glass  to  glass,  polymeric  materials  with  polar  func¬ 
tional  groups  such  as  -OH,  -COCSI,  -C  =  0,  and  -C00CH3  produce  good  adher¬ 
ence.  For  bonding  polar  surfaces  to  nonpolar  surfaces ,  an  intermediate 
coupling  agent  containing  both  polar  and  nonpolar  functional  groups  is 
used.  The  polar  groups  of  the  coupling  agent  are  oriented  to  the  polar 
surface  and  nonpolar  to  the  nonpolar.80  , 

Moser  has  shown  that  adhesion  between  two  materials  can  be  predicted 
by  deteimining  the  polarity  of  the  surfaces  using  a  water  contact  angle 
as  an  indicator.  Surfaces  wet  by  water  were  considered  polar.  As  con¬ 
tact  angles  increased,  the  surfaces  were  considered  more  nonpolar  and 
polarity  ranges  were  arbitrarily  defined  as:  0  to  20°,  polar;  21  to  45°, 
slightly  nonpolar;  46  to  65°,  moderately  nonpolar;  and  66  to  99°  nonpolar. 
In  general,  similar  polarity  was  necessary  for  good  bonding.  Where  good 
bonding  was  obtained  between  surfaces  of  opposite  polarity,  a  reorienta¬ 
tion  of  the  functional  groups  was  evidenced  by  changes  in  water  contact 
angles.81"83 
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XIX-  dCK  W>WWfVi>T.  PROCEDURE 


1.  Materials 

a.  Rutile  Pignent 

The  pigjaent  for  contact  angle  studies  and  solar  stability 
measurements  was  Ti-Pure  R-992  Rutile,  lot  9960,  free  E.  I.  duPcrrt 
deBenours  and  Company-  This  pigaent  was  made  by  the  chloride  process 
and  encapsulated  with  a  silicate-zinc  oxide  coating  free  a  sodiues 
silicate-zinc  sulfate  aqueous  solution  before  thernal  treatment  at 
400-600°C.  Typical  chemical  analysis  of  the  final  product  is  given  in 
Table  II.64  The  Al^Og  originated  by  oxidation  of  TiCl*  and  AlCln,  was 
present  in  the  pigment,  not  in  the  pigment  coating. 


Table  II. 

Rutile  Pigaent  Composition 

Oxide 

Weight  Per  Cent 

TiO, 

39.5 

AI2O3 

1.01 

Sip2 

5-8 

ZnO 

1.2 

b.  Zinc  Oxide  Pigment 

New  Jersey  SP-500  zinc  oxide  was  chosen  for  degradation  rate 

studies. 


c .  Poly  dimethyls  iloxane  ( FDMS  } 

The  polydimethy Is iloxane  was  RTV-602  from  General  Electric 
Company  and  was  received  with  a  typical  viscosity  of  ten  poises.  After 
crosslinking  with  l,l,3,3,tetramethylquanidene,  a  transparent  elastomer 
was  formed. 

d.  Polymonomethyls  iloxane  (IMMS) 

An  organopolys iloxane  resin,  01-650  from  Owens-Illinois,  Inc., 
was  dissolved  in  ethanol  for  paint  preparation.  Crosslinking  by  thermal 
treatment  produced  a  brittle  transparent  solid.  Ethanol  and  water  were 
volatilized  during  curing,  leaving  polyiuo nomethyls iloxane. 85 


Preceding  page  blank 
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2.  Obg^en  ^tscspcrt 


a.  Measurement 


Ptenoeability  constants  vrf-  ivtermia&i  by  t&e  steady  state 
method  and  diffusion  coefficients  by  time  lag.  Solubility  constants 
were  calculated,  (S  =  P/D) ,  where  S,  fr,  and  D  are  solubility,  permeabil¬ 
ity  and  diffusion  constants,  respectively.  Apparatus  and  procedure  nave 
been  described  earlier.36 

b.  Sample  Preparation 

PolynouoiBethylsilozane  (EWSS)  was  dissolved  in  absolute 
ethanol  at  40  per  cent  solids  content.  Citric  acid  was  added  at  a 
concentration  of  one  weight  per  cent  of  P9®55  to  reduce  brittleness 
in  the  cured  tolyaer.87  PK-SS/rutiie  compositions.  Table  III,  were 
formulated  using  a  polymer  density  of  1.29®  ana  a  pigment  density  of 
4.066.  Ethanol  required  to  dissolve  PKJSS  and  thin  the  paints  was 
added  aid  paint  vcluses  of  I5C  cc  were  dispersed  by  grilling  for  24  hours. 

Samples  were  cast  in  10Q-sa  diameter  glass  rings  on  flat  and 
level  0.013- cm  Teflon  sheets  and  covered  with  filter  paper.  Self- 
supporting  membranes  with  glass  rings  attached  were  removed  from  the 
Teflon  and  cured  vertically  at  1C0°C  for  48  hours.  The  glass  rings 
supported  the  membranes  during  curing.  Membrane  thicknesses  of 
approximately  0.02  cm  had  variations  of  six  to  seven  per  cent. 


Table  III.  Compositions  of  PolymoEomethyls iioxane 
Pigmented  with  Rutile 


Composition 

Weight  Per  Cent 

Volume  Per  Cent3- 

Rutile 

HWS 

Rutile 

IMMS 

Ethanol0 

11 

85.3 

14.7 

94.8 

5.2 

200 

12 

73-3 

26.7 

89.6 

10.4 

200 

13 

55.0 

45.0 

79.3 

20.7 

200 

14 

41.6 

58.4 

69.O 

31.0 

200 

Volume  per  cents  were  calculated  from  measured  densities  of  I.298  and 
4.066  for  polymonometby  Is  iioxane  and  rutile,  respectively. 

^Ethanol  volume  percentages  are  based  on  rutile  plus  IMMS  volumes  of 
100  per  cent. 
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3-  Contact  Angle 


a.  ftwaweat 

The  wetting  characteristics  were  ietendaed  toy  contact  angle 
wamsaremcats  of  water  drops.  A  cell  with  glass  windows  axmted  to  a 
horizontally  positioned  Metallurgical  Microscope  permitted  vertical 
horizontal  positioning-  Drops  were  iUmdseted  with  collimated  light 
and  recorded  with  a  35  mt  camera. 

Gravity  effects  were  eliminated  by  measuring  contact  angles 
of  a  drop  on  the  substrate  (normal)  and  suspended  from  the  sdbstrate 
(inverted).  Fig.  4.  The  substrate  was  Mounted  off-center  and  rotated 
an  sealed  ball  bearings.  The  sut-sfcrate  position  was  fixed  by  a  weight 
that  could  toe  adjusted  to  produce  an  exact  l£0*  rotation. 

The  stage  was  parallel  with  the  rotation  axis.  A  babble  level 
mounted  to  the  stage  permitted  leveling  in  the  inverted  position. 
Burallel  surfaced  substrates  w ere  positioned  with  spring  loaded  clips 
and  could  be  rapidly  rotated  from  the  normal  to  the  inverted  position 
while  maintaining  a  level,  sample  surface. 

A  glass  pipette  containing  distilled  demineralized  water  was 
inserted  through  a  compression  O-ring  seal  in  the  top  of  the  ceil  aid 
lowered  near  the  substrate  surface.  A  container  of  water  was  placed  in 
the  cell  and  30  minutes  was  allowed  fer  atmosphere  saturation.  A  drop 
was  placed  on  the  substrate  and  the  pipette  was  retracted  to  prevent 
interference  with  sample  inversion.  Drops  were  allowed  five  minutes  to 
equilibrate,  photographed,  then  inverted  rephotographed  after  five 
minutes,  returned  to  normal,  and  photographed  again  after  five  minutes. 
Three  drops  on  each  of  two  samples  of  each  material  were  measured. 

Drop  reflection  on  the  substrate  surfaces  gave  a  sharp  delineation  of 
the  liquid-solid  interface  except  for  contact  angles  near  90°.  Contact 
angles  were  measured  with  a  goniometer  on  the  enlarged  projection  of 
photograph  negatives. 

b.  Sample  Preparation 

Water  contact  angles  were  measured  on  polycrystalline  rutile, 
free-formed  surfaces  of  PIMS  and  PWS,  rutile  surfaces  that  were  sepa¬ 
rated  from  cast  PDMS  and  FMMS,  and  PDMS  and  FFMS  surfaces  separated 
from  rutile.  Free-formed  surfaces  were  the  air  exposed  surfaces  of 
polymers  cast  on  the  low  energy  surface  of  Teflon  and  cured,  as  described 
for  oxygen  transport  samples. 

Silicate-coated,  chloride-processed  rutile  pressed  at  5000 
psi  as  2.8-cm  discs  was  fired  at  1U5°C  for  168  hours.  Density  of 
95  +  0.1  per  cent  theoretical  was  obtained  for  six  samples.  Disc  sur¬ 
faces  were  diamond  ground  parallel  to  a  thickness  of  0.4  cm  and  one  sur¬ 
face  was  polished  to  a  him  diamond  finish.  Samples  were  cleaned  by 
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Figure  4.  Contact  Angle  Measurement  Apparatus}  (a),  Normal  and  (ta)  Inverted 


Bnailigg  in  2:1  taitric-sailfbrSj  acid,  riaticg  vith  Issrgje  amsmtitiet  ©f 
distilled  water  drying  at  13ISV  for  fire  adsstes.  The  (nanplfite 
soresiirg  of  wsit«r  oss  a  glass  smrfitae  cleaned!  fey  t&ts  eroeedctre  was 
achieved. 


F£KS  serf.  FWG  solutions  prepared  for  moss  transport  were 
cast  ca  cleaned  rutile  sshstrates  serf  cared.  Absence  of  sfcesios 
allowed  easy  separation  for  geasarenent  of  the  rotiie/ silicoae  inter¬ 
faces.  All  samples  isrolySeg  silicones  were  evaceaierf  at  i®*^  torr 
for  2fe  boars  to  promote  solvent  remoral. 

h.  Is  Situ  Beflectaace 

a.  Sfeasareneats 

The  effect  of  vacuum  ultraviolet  irradiation  on  tie  solar  re¬ 
flectance  of  pclymethyLsiloxane/  zinc  oxide  paints  was  measured  at  the 
Elastomers  and  Coatings  Branch,  Vright-Patterson  Air  Force  Base. 

Samples  were  irradiated  with  a  2.5  M  xenon  source  (Spectrolab  Jfosel 
1-25)  at  an  ultraviolet  intensity  of  two-thirds  of  one  sun  in  a  uaraas 
of  5  x  10~®  torr.  Original  ultraviolet  intensity  was  estimated  to  he 
3.0  o  -  0.3  suns  bat  on  actual  measurement  was  found  to  have  the 
lower  value  because  of  severe  degradation  of  the  optical  surfaces  in 
the  source  unit.  Reflectance  was  measured  in  situ  with  a  Becirar-  DK-2A 
reflactooeter  using  a  four-inch  integrating  sphere  in  the  vacuum  chamber. 
Reflectance  fro®  0.35  to  2.5  si  crons  was  measured  in  air  before  pump- 
down.  The  samples  were  held  in  vacuus  for  cue  week  and  pre-irradiation 
vacuum  reflectance  was  measured.  In  situ  reflectance  was  measured 
periodically  during  irradiation  and  a  recovery  scan  was  made  after  two 
days  in  air.  Solar  reflectance,  solar  absorptance,  and  induced  solar 
absorptance  were  calculated.  Sample  temperature  varied  from  60  to  8o°C 
during  irradiation. 

b.  Rutile  Pigment  and  Paints  Preparation 

A  rutile  standard  was  prepared  by  spraying  a  water  slurry  of 
chloride-processed,  silicate-coated  rutile  onto  a  heated  aluminum  sub¬ 
strate  of  2.4  cm  diameter  and  0.68  cm  thickness.  J$iltiple  layers  pro¬ 
duced  a  coating  0.0075  cm  (3  mils)  thick.  Aluminum  substrates  were 
cleaned  by  abrading  with  240-grit  silicon  carbide,  rinsing  in  toluene 
and  acetone,  and  drying.  Rutile/silicone  paint  compositions  1-4, 

Table  IV,  and  compositions  11-14,  Table  III,  were  cast  to  0.003  cm 
(12  mils)  and  cured  cn  the  aluminum  substrates.  Paint  preparation  and 
and  curing  were  the  same  as  described  for  oxygen  transport  samples . > ° 
Citric  acid  was  omitted  from  the  PMMS  paints. 
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"Sable  W. 

Pignertcd  with  Battle 


OomgomittoE 

Tolrane  Fter  OaS^- 

Battle 

mss 

Battle 

me* 

1 

13.72 

5.36 

54.64 

34 

2 

3L.9T 

5S.Q3 

10.36 

89-64 

34 

3 

52.22 

47-7S 

21.17 

78.83 

50 

4 

64.61 

35-59 

30-78 

69 .22 

66 

^tolare  per  cents  were  calculated  from  measured  densities  of  0-999  2Ed 
4.066  for  polydigetfcylsilexanr  sod  rutile,  respectivdj. 

^Toluene  volarae  percentages  are  based  rutile  plus  FSKS  volates  of  100 
per  cent. 


c.  7-iee  Oxide  Pigment  and  “feints  Preparation 

Sew  Jersey  SP-500  zinc  oxide  was  chosen  for  degradation  rate 
studies.  £  7-inr  oxide  standard  was  prepared  by  spraying  &  water  slurry 
on  a  precleaned  alnaieap  substrate,  iblydicethy Is i lorane  and  polyson o- 
methyl  si  loxane  were  pigmented  with  20  volume  per  cent  zinc  oxide  and 
cast  on  dnriwM  substrates ,  Baint  preparation  and  curing  were  the  same 
as  described  for  oxygen  transport  samples. 


5.  Zinc  Orthotitanate  Pigment 
a.  Pigment  Formulation 

Zinc  orthotitanate  pigments  were  prepared  by  ball  milling  and 
heat  treatment  to  obtain  powders  with  a  variety  of  particle  sizes  and 
thermal  histories.  A  flow  chart  of  the  pigment  processing  is  presented 
in  Fig.  5. 


In  a  five-gallon  polyethylene  jar,  36OO  gm  of  a  2:1  molar 
ratio  of  reagent  grade  ZnO  and  '"iO^  (anatase)  were  ball-milled  with 
9000  cc  of  demineralized,  double-distilled  water  for  46  hours.  The 
slurry  was  dried,  crushed  to  60  mesh,  and  reacted  for  24  hours  at  925°C 
in  an  alumina  crucible.  The  resulting  material.  Sample  A-l,  contained 
zinc  orthotitanate  and  zinc  oxide,  as  identified  by  x-ray  diffracto¬ 
meter,  and  had  a  particle  size  of  0.91  micron. 

The  reacted  ZnjTi04  was  slurried  with  4500  cc  of  10$  acetic 
acid  for  24  hours  using  a  polyethylene  stirrer.  After  settling,  4000  cc 
of  the  sample  was  decanted,  and  the  insoluble  material  was  mixed  with 
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Figure  5.  Flow  Chart  for  Preparation  of  ZngTiO*  Pigment* 


%000  cc  of  distilled  water .  The  decanting  poem  wss  repeated  eigst 
timut  sad  the  final  bstr^s,  Sample  A-2,  ws  dried  st  12D*C-  Veigit  loss 
an  was  lV?  gp  {4.0 £}  sad  the  only  x-ray  difficactaaeter  detecta¬ 

ble  geek  other  Zr^fifiS*  bed  an  intensity  less  than  Tbe  particle 
size  of  Carle  A-2  was  reduced  to  0.80  yet  by  tbe  learning  process. 

b.  ©article  Size  Seduction 

A-2  lets  split  into  five  batches,  one  800-p  batch  and 
four  650-ga  batches.  The  SOO-gm  hatch  (Sample  A-3)  wss  slurried  with 
1350  cc  of  distilled  water  and  milled  with  alumna,  halls  in  a  one-gallon 
polyethylene  Jar  for  100  hours,  line  20  cc  sanples  were  periodically 
withdrawn  daring  waning  (Sanples  A-3-1  to  A-3-9)  -  Surface  area  and 
equivalent  spherical  particle  size  for  each  sample  represent  the  extent 
of  particle  size  reduction,  Kble  V.  The  particle  size  dependence  on 
baU-®illii*5  tine.  Fig.  6,  provided  the  control  necessary  to  achieve  a 
specific  particle  size.  X-ray  investigation  showed  a  detectable  quan¬ 
tity  of  aiwina  after  92.3  hours  with  the  alumna  content  increasing 
with  tine.  ¥0  minimize  contamination  from  pill  halls,  samples  for  ultra¬ 
violet  degradation  were  limited  to  a  maximum  milling  tine  of  36  hours. 


Table  V.  Surface  Areas  and  Particle  Size  of  Z%Ti04  Pignents 


A-l 

Surface  Areaa 

Particle  Sizea 
yia 

Coccert 

A-l 

1.26 

0.91 

Reacted  at  950"C 

A-2 

1.41 

0.80 

Acid  Leached*5 

A-3-1 

1.47 

0.77 

0.5  hr  mill  c 

A-3-2 

1.54 

0.73 

1.5  hr  mill  c 

A-3-3 

1.73 

0.66 

5.0  hr  mill0 

A-3-4 

1.88 

0.60 

10.0  hr  mill c 

a-3-5 

2.09 

0.54 

27-7  hr  mill0 

A-3-0 

2.62 

0.43 

52.3  hr  mill0 

A-3-7 

3-24 

0.35 

73-8  hr  mill  c 

A-3-8 

3.45 

0.33 

97.3  hr  mill0 

A-3-9 

3.70 

0.31 

100.0  hr  mill0 

a  Measurement  of  surface  area  and  calculation  of  particle 
size  has  been  described  previously.80 
b  Reacted  at  950° C  prior  to  acid  leach. 
c  Reacted  at  950° C  and  acid  leached  prior  to  ball  milling. 
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Figure  6.  Relationship  between  Particle  Size  and  Ball  Milling  Time 


Three  of  the  four  630-gram  batches.  Samples  A-4  to  A-6,  were 
slurried  with  1050  cc  of  distilled  water  and  ball-milled  for  36.8  and 
2  hours,  respectively.  Resultant  equivalent  particle  sizes  were  0.44, 
O.58,  and  0.6l  |un  for  Samples  4,  5,  and  6,  respectively.  The  fourth 
batch.  Sample  A-7,  was  not  ball-milled  and  had  the  same  particle  size 
as  Sample  A-2,  0.80  pm.  All  samples  were  dried  at  110° C  and  crushed 
to  60  mesh. 

c.  Heat  Treatment 

Samples  A-4  to  A-7  were  split  into  five  125-gram  batches  for 
heat  treatment.  Four  batches  from  each  sample  were  quench  heated  to 
850,  950,  1050,  and  1150°C,  held  for  one  hour,  and  quench  cooled  in 
500  cc  of  distilled  water.  The  fifth  batch  was  quench  heated  to  850°C, 
held  for  one  hour,  and  annealed  to  room  temperature  over  three  days. 

Fig.  7.  All  batches  were  fired  as  uncompacted  powders  in  platinum  cruci¬ 
bles.  Temperature  was  controlled  to  ±  5°C  in  a  silicon  carbide  resis¬ 
tance  furnace.  Each  heat-treated  batch  was  dried  and  ball-milled  with 
200  cc  of  distilled  water  for  two  hours .  Twenty  cc  of  each  slurry  were 
dried  for  surface  area  determinations. 

d.  Irradiation  Powder  Samples 

Water  slurries  of  twenty  heat-treated  pigments  were  sprayed 
onto  heated  aluminum  substrates,  2.4-cm  diameter  by  0.08  cm  thick. 
Multiple  layers  were  applied  under  a  dry  nitrogen  pressure  of  16  psi. 

Two  coated  substrates  of  each  sample  were  delivered  to  Mr.  C.  P.  Boebel, 
Elastomers  and  Coatings  Branch,  Air  Force  Materials  Laboratory,  on 
August  25,  1971. 

e.  In  Situ  Reflectance 

Ultraviolet  exposure  testing  of  the  20  Zxi2Ti04  samples  was 
accomplished  in  the  equipment  described  in  Section  III. 4. a.  In  situ 
pretest  reflectance  was  measured  in  air  and  in  a  vacuum  (4  x  10"**  torr) . 
Reflectance  was  recorded  at  18,  45,  110,  and  230  equivalent  ultraviolet 
sun  hours .  A  final  reflectance  scan  was  made  after  48  hours  air  expo¬ 
sure  in  the  dark.  Temperature  of  the  specimen  back  was  49° C  during 
irradiation. 
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IV.  RESULTS  AND  DISCUSSION 


1.  Oxygen  Transport 

Oxygen  transport  properties  of  polydimethylsiloxane/rutile  compo¬ 
sitions  were  reported  in  AFM1-TR -71-42 ,  "Part  I.88  For  comparison  with 
polymonomethyls  iloxane  properties,  a  portion  of  the  poly  dimethyls  iloxane 
data  has  heen  reproduced. 

a.  Polymethyls  iloxanes 

Oxygen  sorption  isotherms  at  25° C  for  PEMS  and  IMMS,  Fig.  8, 
show  that  Henry's  law  held,  for  the  pressure  range  investigated.  Con¬ 
stant  oxygen  diffusion  coefficients  of  18.9  ±  0.3  x  10"6  and  5.02  ±  0.09 
x  10“7  cm2/sec  at  25°C  for  FDMS  and  IMMS,  respectively,  for  the  pressure 
range  0  to  60  cm  Hg  established  that  diffusion  coefficients  were  inde¬ 
pendent  of  concentration. 

Oxygen  transport  properties  in  the  polymethyisiloxanes  are 
shown  in  Table  VI.  Permeability  and  diffusion  coefficients  of  FDMS  were 
an  order  of  magnitude  greater  than  values  for  IMMS  and  the  solubility 
of  PEMS  was  approximately  30  per-  cent  lower.  The  lower  diffusion  coef¬ 
ficients  in  PMMS  resulted  from  greater  crosslinking  and  a  lower  methyl 
group  concentration. 

The  temperature  dependence  of  oxygen  transport  constants  in 
the  siloxanes  conformed  to  the  Arrhenius  relationship  within  limits  of 
experimental  precision.  Figs.  9-H*  Least-squares  activation  energy  for 
diffusion,  Table  VII,  was  1300  cal/mole  greater  for  the  monomethyl- 
siloxane  and  is  attributed  to  the  greater  crosslihking  in  IMMS  which 
limits  chain  flexibility.  Permeability  values  and  temperature  depend¬ 
ence  in  noth  silicones  were  controlled  by  diffusion  properties  because 
solubility  values  and  temperature  dependence  were  similar. 

b.  Effect  of  Pigmentation 

Temperature  Dependence--After  complete  polymer  curing,  the 
temperature  dependence  of  oxygen  transport  in  the  pigmented  polymono- 
methylsiloxanes  was  exponentially  related  to  temperature  by  the 
Arrhenius  relationship  within  limits  of  experimental  precision,  Figs. 

12 -14.  The  least-square  temperature  coefficients  are  presented  in 
Table  VIII. 


Solubility  in  IMMS  Compositions — Where  there  are  no  voids 
and  the  polymer  wets  the  pigment  to  the  exclusion  of  gas  adsorption, 
the  solubility  of  the  composite  will  be  represented  by 


S  =  VBSB 


(33) 


Preceding  page  blank 
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Table  VI.  Oxygen  Transport  in  Polymetby Is iloxanes 


T 

(°c) 

P 

(cc.(STP)/sec/ 
cm2 /cm/cm  Hg) 

;D 

(cm2/  sec) 

S 

(cc'(STP)  / 
cc/atm) 

PEMSa 

0 

5.28  x  10-8- 

12.8  x  10-6 

0.313 

25 

7.41 

19.1 

0.294 

32 

8.06 

21.1 

0.289 

42 

9.04 

24.2 

0.283 

50 

9.86 

26.8 

0.278 

FMMS 

0 

1.68  x  10-9 

2.68  X  10“7 

0.476 

25 

2. ‘83 

5.02 

0.428 

32 

3.29 

5.55 

0.450 

50 

4.72 

7.92. 

0.453 

60 

5-95 

10.2 

0.443  . 

^east-squares  values'  for  average  of  three  samples. 
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lug  S 


T  (°C) 


Figure  11.  Temperature  Dependence  of  Solubility  Constants 
for  Oxygen  in  Polymethylsiloxanes 


Table  'ill .  Arrttemias  COBsiants  for  ©xygem  Trajsspori 
in  Pjljine%l£llo3E3e 


Saxrple 

po 

(cc(ST?)/sec/ 
csP/cai/an  Hg) 

EL 

T* 

(cal/nole) 

Std.  Error  of  Eg 
(cal/nole) 

HKS-1 

2.25  z  IQ-® 

2019 

67 

pnis-2 

2.64 

2138 

99 

FDKS-3 

4.45 

2407 

107 

HHS-Ave. 

2.96 

2188 

BUS 

1-71 

3774 

136 

Do 

% 

Std.  Error  of  Ep 

Sample 

(cn2/sec) 

(cal/nole) 

(cal/nole) 

P5MS-1 

2.46  x  1C'3 

2837 

140 

FEMS-2 

1.07 

2418 

207 

FBMS-3 

1-39 

2522 

46 

PEMS-Ave. 

1.54 

2602 

BWS 

O.38 

3936 

150 

So 

Std.  Error  of 

Sample 

(cc(STP)cc/atc) 

(cal/nole) 

(cal/nole) 

HMS-1 

0.068 

-829 

145 

PEMS-2 

0.186 

-280 

208 

PEMS-3 

0.247 

-134 

100 

PEMS-Ave. 

0.247 

-4l4 

PMMS 

0.346 

-159 

145 

37 


2.8 


3.0 


3.2 


3.4 


10J/T  (T  in  °K) 


3.6 


3.8 


m 


Figure  12.  Temperature  Dependence  of  Permeability  Constants 
for  Polymonomethylsiloxane/Rutile  Composition 
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10^/T  (T  in  °K) 


Figure  13.  Temperature  Dependence  of  Diffusion  Coefficients 
for  Oxygen  in  Polymonome thyl s i loxane /Rutile 
Compositions 
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3.2  3.4 


10  /T  (T  in  °K) 


Figure  l4.  Temperature  Dependence  of  Solubility  Constants 
for  Oxygen  in  Polymonomethylsiloxane/Rutile 
Compositions 
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Table  VTH-  Arrhenius  Constants  for  Oxygen  in  ft>lynono- 
Metfcyl  si loxane/Rntile 


Sample 

PoxlCP 
cc(STP)/sec/ 
(a^/ai/ai  Hg) 

®P 

(cal/mole) 

Std.  Error  of  Ep 
(cal/aole) 

10 

1.71 

3774 

136 

11 

1.06 

3624 

109 

12 

1.47 

3874 

108 

13 

1.96 

4136 

126 

00*10* 

% 

Std.  Error  of  Ejj 

Sample 

(cm2/sec) 

(cal/mole) 

(cal/mole) 

10 

3-77 

3936 

150 

11 

2.24 

3685 

154 

12 

2.05 

3694 

202 

13 

3-57 

4043 

124 

So 

(cc(STP)/ 

AHg 

Std.  Error  of  aHs 

Sample 

cc/atm) 

(cal/mole) 

(cal/mole) 

10 

0.346 

-159 

145 

11 

0.359 

-60 

153 

12 

0.560 

197 

145 

13 

0.417 

94 

169 

4l 


where  Vg  is  the  volume  fraction  of  the  poJjaer  and  Sg  is  the  solubility 
constant  of  the  polymer.38  There  was  no  indication  of  oxygen  adsorption 
on  rutile  in  the  BMS  compositions.  The  concentration  dependence  of  the 
solubility  constants  was  well  represented  by  equation  ( 33) ,  dashed  lines 
in  Fig.  15-  Scatter  in  solubility  values  was  greater  than  found  in 
HMS  compositions  due  to  the  variations  in  BMS  membranes.  Comparison 
of  observed  and  calculated  densities  indicated  negligible  porosity. 

Heats  of  solution  were  constant  within  limits  of  experimental  precision 
for  ail  rutile  concentrations.  Table  8. 

Adsorption  on  the  rutile  may  occur  in  IMMS  compositions  since 
it  is  comon  for  FWS  compositions  above  20  per  cant.  A  IMMS  composi¬ 
tion  with  30  per  cent  rutile  was  investigated  hut  oxygen  flow  through 
the  membrane  was  too  rapid  for  determination  of  permeability  and  diffu¬ 
sion.  Thermal  expansion  mismatch  between  the  brittle  RMS  and  ruxile 
resulted  in  fine  cracks  after  thermal  curing.  Critic  acid  additions 
increased  membrane  flexibility  but  the  samples  remained  very  brittle  and 
required  careful  handling. 

Permeability  in  IMMS  Compositions — Permeability  in  a  hetero¬ 
geneous  medium  such  as  a  pigmented  polymer  may  he  described  by 

P  =  K  VjjPb*  (34) 

where  K  is  a  structure  factor  and  P  is  the  permeability  constant  of  the 
polymer.  Rayleigh’s  structure  factor  for  a  cubic  lattice  of  spheres 
was  used  to  explain  the  pigment  concentration  dependence  of  permeability 
constants.  Values  of  K  were  reported  in  AFML-TR-71-42,  Pt.  I.88 

Permeability  constants  for  IMMS  compositions  decreased  with 
increasing  pigment  concentration;  however,  permeability  values  were 
lower  than  predicted  by  equation  (34),  Fig.  16.  Considering  the  excel¬ 
lent  agreement  for  PDMS  compositions  formulated  with  the  same  pigment, 
the  discrepancy  is  most  likely  caused  by  thickness  variation  of  the 
RMS  membranes.  There  is  no  reason  to  think  that  permeability  constants 
for  pigment-free  IMMS  are  more  accurate  than  for  pigmented  compositions, 
and  it  is  probable  that  pigment-free  constants  were  high. 

Diffusion  in  IMMS  Compositions— Diffusion  coefficients  de¬ 
creased  as  pigmentation  increased.  Fig.  17.  These  data  were  compared 
to  values  predicted  by  Rayleigh's  structure  factor  for  the  case  of  a 
nonadsorbing  filler 

d  =  kDb  (35) 

where  Dp  is  the  diffusion  coefficient  of  the  polymer.  Diffusion  coef¬ 
ficients  were  lower  than  predicted  by  equation  ( 35) .  This  may  result 
by  either  sorption  on  the  pigment  or  thickness  variation.  Thickness 
variations  will  cause  the  permeability  and  diffusion  constants  of  a 
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sample  to  deviate  consistently  from  predicted  values.  Comparison  of 
Figs.  16  and  17  show  this.  Thus,  there  is  no  basis  for  concluding 
oxygen  sorption  on  the  pigment  in  IMMS  compositions. 


2.  Contact  Angle 

The  reflections  of  normal  and  inverted  water  drops.  Fig.  18,  deline¬ 
ated  water-solid  interfaces  except  at  angles  near  90° .  Contact  angle 
differences  due  to  gravity,  A0g,  were  1  to  4°.  For  example,  the  height 

to  radius  ratio,  h/r,  of  a  water  drop  on  EDMS,  Fig.  18,  increased  from 
1.16  to  1.32  on  the  inversion  hut  the  contact  angle  decreased  only  1°. 
Calculations  of  contact  angles  on  EDMS,  using  the  equation  for  spherical 
geometry,89 

tan  Q/2  =  h/r,  (36 ) 

resulted  in  98  and  106°  for  the  normal  and  inverted  positions,  respec¬ 
tively,  an  average  of  102°  which  agrees  with  the  101°  measured  average 
value.  Gravity  has  a  larger  affect  on  drop  shape  than  on  contact  angle; 
however,  in  all  cases,  inversion  decreased  contact  angles.  Table  IX. 


Table  IX.  Water  Contact  Angles 


Sample 

Normal 

Inverted 

Average 

A0g 

Rutile  -  1 

42  ±2 

38  ±3 

40 

3 

Rutile  -  2 

29  ±2 

27  ±4 

28 

2 

EDMS 

102  ±  3 

101  ±2 

101 

1 

IMMS 

90  ±  1 

89  ±1 

90 

1 

PEMS /Rutile 

92  ±3 

89  ±  2 

90 

3 

IMMS /Rutile 

80  ±  1 

76  ±1 

78 

4 

Rutile/PEMS-1 

Rutile/PDMS-2 

80  ±2 

78  ±1 

79 

3 

73  ±2 

70  ±3 

72 

3 

Rutile/lMMS 

61+5 

58  +  4 

60 

3 

Figure  18.  Normal  and  Inverted  Water  Drop  on-  (a)  Rutile,  (b)  Rutile  Separated  from  PDMS,  (c 
PDMS  Separated  from  Rutile,  (d)  Free-Formed  PDMS,  (e)  Rutile  Separated  from  PMMS 
(f)  PMMS  Separated  from  Rutile,  and  (g)  Free-Formed  PMMS 


Complete  vetting  bad  been  expected  on  rutile  but  average  contact 
angles  of  28  and  U0°  were  observed.  Scanning  electron  micrographs. 

Fig.  19»  shoved  submicron  scratches  and  a  maximum  pore  diameter  of  20 
microns  vitb  the  majority  below  10  microns.  Such  microscopic  roughness 
vas  too  small  to  produce  the  high  contact  angles.90  The  surface  con¬ 
sisted  of  rutile  and  a  glassy  phase  which  occupied  21  per  cent  of  the 
surface.  Fig.  19-  The  contact  angle  of  a  composite  may  be  calculated 
from91 


cos  0C  =  fj^  cos  0L  +  f2  cos  02  ( 37) 

where  0C,  0L ,  and  02  are  the  contact  angles  of  the  composite,  phase  1 
and  phase  2,  respectively,  and  fx  and  f2  are  surface  fractions.  Both 
rutile  :and  glass  should  be  completely  wet  by  water  and  Qc  should  be 
zero.  Strain  can  increase  water  contact  angles  on  glass  to  80°  and  may 
account  for  the  high  contact  angles.92 

The  average  contact  angle  of  101°  for  PEMS  agreed  with  Shafrin  and 
Zisman.93  A  lower  methyl  group  surface  concentration  in  FMMS  resulted 
in  a  lower  contact  angle  of  90°.  Curing  polymethyls iloxanes  on  rutile 
resulted  in  contact  angles  11  and  12°  lower  than  angles  on  free-formed 
surfaces.  Usi.ig  Moser's  hypothesis,94  both  results  predicted  better 
adhesion  for  FMMS  than  for  PEWS.  The  ease  of  stripping  the  siloxanes 
from  rutile  showed  the  adhesion  to  be  small. 

Rutile  surfaces  separated  from  cured  siloxanes  have  high  contact 
angles.  The  increase  may  have  resulted  from  incomplete  solvent  removal 
and/or  a  residue  of  methyl  groups. 


3.  Silicone/Rutile  Optical  Properties 
a.  Solar  Reflectance 

The  reflectance  spectra  for  the  water  sprayed  rutile,  FDMS/20 
per  cent  rutile,  and  FMMS/20  per  cent  rutile  are  shown  in  Figs.  20 
through  22.  Reflectance  of  the  paints  was  higher  in  the  visible  and 
lower  in  the  infrared  than  for  rutile  powder.  Characteristic  silicone 
absorption  lowered  infrared  reflectance,  and  specular  reflection  from 
the  smooth  silicone  surfaces  increased  visible  reflectance.  The  lower 
refractive  index  of  FDMS  caused  a  larger  relative  refractive  index  for 
PDMS/rutile  paints.  The  initial  solar  reflectance  of  PDMS  paints 
exceeded  IWMS  paints,  Fig.  23.  Solar  reflectance  maximized  between  10 
and  20  per  cent  rutile.  Increased  scattering  from  low  pigment  concen¬ 
trations  were  offset  by  loss  of  surface  gloss  at  higher  pigment  concen¬ 
trations  . 
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Figure  22.  Reflectance  Spectrum  of  Polymonomethylsiloxane/20  Per  Cent  Rutil 


Volume  Per  Cent  Rutile 


Figure  23.  Effect  of  Pigment  Concentration  on  Solar  Reflectance 
of  Rutile/Silicone  Paints 
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b.  Induced  solar  -Jbsorprtance 

stability  of  the  silicate-coated  rutile  produced  an 
induced  absorptance  of  0.009  in  230  ESB,  Table  X.  Silicate  coating 
produced  degradation  resistance  similar  to  that  of  silicate-coated  zinc 
oxide95  and  zinc  orthotitanate?5  and  was  the  first  time  the  effect  has 
been  observed  for  rutile. 

I be  recovery  bleaching  of  rutile  supported  the  oxygen  depend¬ 
ence  of  the  irradiation  damage.  Differences  between  induced  absorptances 
at  230  ESI  and  air  recovery  values  for  the  paints,  Table  X,  were  about 
equal  to  that  cf  the  binderless  pigment.  Bleaching  was  attributable  to 
the  pigment  and  permanent  damage  represented  polymer  degradation.  Sili¬ 
cone  permeability  was  too  high  to  produce  observable  differences  in  pig¬ 
ment  degradation. 

Induced  solar  absorptance  of  ±M4S  paints  was  constant.  Fig.  24, 
and  indicated  equal  degradation  from  HQ4S  and  rutile.  For  E5KS  paints, 
induced  solar  absorptances  in  the  pigcent  increased  with  concentration 
increases  to  20  per  cent  and  continued  to  decrease  ':o  30  per  cent. 

The  pigment  degraded  approxbjately  the  same  in  both  PBMS  and 
HWS.  Thus,  surface  interaction  between  the  pigment  and  the  polymer  did 
not  measurably  affect  degradation. 


Water  associated  with  the  pigment  was  indicated  by  the  charac¬ 
teristic  absorption  band  at  1-9U  which  increased  in  intensity  with 
increasing  pigment  concentration.  For  the  PDMS  series  no  absorption 
occurred  for  samples  1  (5$  TiOg)  and  2  (10$  Ti0->),  slight  absorption  for 
sample  3  (20$  Ti02)  and  strong  absorption  for  sample  4  (30$  Ti02).  These 
results  support  the  oxygen  solubility  data  which  indicated  oxygen  sorp¬ 
tion  on  the  pigment  starting  at  20  volume  per  cent  and  increasing  with 
concentration.9 /  In  contrast  to  oxygen  solubility  data  which  did  not 
show  sorption  on  the  pigment,  EMMS  paints  had  strong  water  desorption 
that  increased  with  increasing  pigment  concentration.  Citric  acid,  pre¬ 
sent  in  EMMS  oxygen  transport  samples  but  not  in  UV  irradiated  paints, 
may  have  adsorbed  on  the  pigment  preventing  oxygen  sorption.  Water 
absorption  disappeared  in  vacuum  and  partially  reappeared  when  returned 
to  ambient  conditions. 


4.  Silicone/Zinc  Oxide  Degradation 

Infrared  reflectance  decreases  of  4  to  10  per  cent  were  observed 
between  initial  in-air  scans  and  pre-irradiation  vacuum  scans  for  all 
samples.  Characteristic  water  absorption  was  absent  and  the  reflectance 
decreases  demonstrate  the  extreme  surface  oxygen  sensitivity  )f  infrared 
spectrum,  of  zinc  oxide.  Pre-irradiation  vacuum  solar  absorpt?  ces  and 
ultraviolet  induced  solar  absorptance  are  reported  in  Table  X: 
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Comparison  of  degradation  rates.  Fig.  25,  indicate  that  oxygen 
transport  through  the  polymethyls iloxanes  had  little  effect  on  pigment 
stability.  If  oxygen  transport  in  the  binders  had  limited  degradation, 
the  order  of  increasing  stability  would  have  been  ZnO<IMMS/ZnO.  Solar 
absorptance  increases  for  EEMS  paints  were  greater  than  for  IMMS  paints 
as  would  be  predicted  by  oxygen  diffusion  coefficients,  but  binderless 
zinc  oxide  stability  was  between  that  of  PIMS  and  EMMS  paints. 

The  smaller  induced  absorptances  of  FMMS  paint  compared  to  ZnO 
pigment  may  seem  to  indicate  encapsulation  protection.  This  is  not  sub¬ 
stantiated  by  the  infrared  reflectance  changes,  Fig.  26.  Reflectance 
changes  at  2.05  jim  were  almost  identical  for  ZnO  pigment  and  PMMS 
paints.  The  greater  reflectance  decreases  of  EDMS  paints  in  the  infra¬ 
red  and  in  the  visible  at  longer  exposure  times,  Fig.  27,  reflect  insta¬ 
bility  associated  with  the  polymer  and/or  pigment /polymer  interaction 
in  addition  to  pigment  damage.  All  samples  bleached  to  within  1 $  of 
the  initial  in-air  reflectance  values. 


5 .  Zinc  Orthotitanate 

Surface  areas  and  equivalent  spherical  particle  sizes  for  the  zinc 
orthotitanate  powders  are  presented  in  Tables  XII  and  XIII.  Particle 
size  of  most  samples  increased  with  increasing  temperature,  Fig.  28. 

The  most  surprising  results  were  the  smaller  particle  sizes  of  the 
1150°C -quench  compared  to  1050°C-quench  for  Samples  A-5,  A-6,  and  A-7. 

Exponential  size  increases  with  increasing  temperature  were  not 
expected  in  the  loose  powders.  The  final  two -hour  ball  milling  may 
have  been  responsible  for  the  anomolous  particle  size  at  1150°C.  Ball 
milling  was  necessary  to  produce  sprayable  slurries  of  the  lightly  sin¬ 
tered  powders. 

Solar  absorptance  data,  Table  XIV,  for  the  heat  treated  powders  did 
not  show  significant  UV  damage  trends  for  either  quenching  temperature 
or  pigment  surface  area.  Except  for  samples  quenched  from  1150° C  and 
A-5,  950°C -quench,  all  powders  had  initial  vacuum  solar  absorptances  of 
0.09  i  0.01  and  were  fairly  stable  with  increases  in  solar  absorptance, 
/Xxs,  of  0.02  ±  0.005  after  230  EUVSH.  Sample  A-5,  950°C-quench  was 
thin  and  permitted  "shine  through"  and  absorption. 

The  dependence  of  solar  absorptance  on  temperature  was  apparent  for 
pre-exposure  and  post-exposure  reflectance  studies,  Fig.  29.  The  great¬ 
est  increase  in  absorptance  with  temperature  was  between  the  3DSD°C  and 
llSD°C-quench  samples.  The  visible  region  exhibited  the  greatest 
increases  in  absorption  with  temperature.  Solar  absorptance  was  identi¬ 
cal  for  the  850° o -quench  and  anneal  samples. 

Ultraviolet  irradiation  damage  to  all  samples  was  greatest  in  the 
visible  region  (0.45nm)  and  the  visible  damage  occurred  primarily  in  the 
first  20  EUVSH.  Visible  damage  was  approximately  50$  recoverable  while 
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Rate  of  Reflectance  Decrease  at  2.05  Microns  for  Ultraviolet  Irradiated  Zinc 
Oxide  Paints  and  Pigment 


Oxide  Paints  and  Pigjnent 


Table  XII.  Zinc  nrthotitanate  Surface  Areas 


Heat  Treatment 

(°c) 

Surface  Area  (m2/gm) 

A-4 

A-5 

A-6 

A-7 

Before  Heating 

2.56 

1.97 

1.86 

1.41 

850  -  Anneal 

1.76 

1.53 

1.49 

1.44 

850  -  Quench 

2.29 

1.67 

1.60 

1.58 

950  -  Quench 

1.67 

1.53 

1.46 

1.45 

1050  -  Quench 

1.57 

1.37 

1.29 

l.4o 

1150  -  Quench 

1.44 

1.42 

1.32 

1.43 

Table  XIII.  Zinc  Grthotitanate  Particle  Sizes 


Heat  Treatment 

(°c) 

Particle  Size*  (nm) 

A-4 

A-5 

a-6 

A-7 

Before  Heating 

0.44 

0.58 

0.61 

0.80 

85O  -  Anneal 

0.64 

0.74 

0.76 

0.78 

850  -  Quench 

0.50 

0.68 

0.71 

0.72 

950  -  Quench 

0.68 

0.74 

0.78 

0.78 

1050  -  Quench 

O.72 

0.83 

0.87 

0.81 

H50  -  Quench 

0.78 

0.80 

0.85 

0.79 

♦Calculated  from  surface  area. 

Note:  The  solar  absorptance  values  shown  to  three  places  do  not  signify  the  accuracy  of  the 

reflectance  measurement  but  merely  relative  degradation  trends  of  the  exposed  materials. 


Figure  29.  In  Situ  Solar  Absorptance  as  a  Function  of  Temperature  for 
(a)  Prior  to  irradiation  and  (b)  after  230  EUVSH 


damage  in  the  infrared  (0.8  to  1.0, m)  recovered  completely  on  air  expo¬ 
sure. 


Lack  of  damage  dependence  on  ball  milling  time  (A-4  to  A-7  series) 
was  surprising.  Both  grinding-induced  strain  and  chemical  contamination 
increased  with  milling  time  and  would  be  expected  to  contribute  to 
degradation  cf  the  pigments. 
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V.  CONCLUSIONS 


Investigation  of  thermal  control  coatings  composed  of  polymethyl- 
siloxanes  pigmented  with  rutile  and  zinc  oxide  resulted  in  the  following 
conclusions : 

1.  Oxygen  adsorption  on  rutile  was  present  in  polydimethyl- 
siloxane  and  not  in  po iymo nomethyls i loxane . 

2.  For  gas  solution  in  the  polymer  and  on  the  pigment,  heats 
of  solution  may  be  predicted  by  assuming  separate  non¬ 
interacting  phases. 

3.  Rayleigh's  structure  factor  successfully  predicted  the 
effect  of  pigmentation  on  permeability  and  diffusion  con¬ 
stants  . 

4.  Pigment-polymer  surface  interaction  did  not  measurably 
affect  ultraviolet  induced  solar  absorptance. 

5.  Oxygen  transport  in  the  polymers  was  too  high  to  limit 
induced  solar  absorptance  of  the  pigment. 

Ultraviolet  irradiation  of  zinc  orthotitanate  powders  of  varying 
particle  size  and  quenched  from  various  temperatures  resulted  in  the 
following  conclusions: 

1.  Particle  size  and  heat  treatment  temperature  had  no 
observable  affect  on  ultraviolet  degradation  of  the 
pigments . 

2.  Pre-irradiation  and  post-irradiation  solar  absorptance 
increased  with  quenching  temperature. 
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Table  XV  -  Effect  of  Pressure  on  Oxygen  Transport  Constants  in 
Polydi aethylsiloxane  at  25° C 


Table  XVII  -  Oxygen  Transport  Constants  for  Oxygen  in 
Polymonomethylsiloxane/Rutile  Compositions 


T 

(°c) 

P  x  10;J 
(cc(STP)sec/ 
cm^/cm/cm  Hg) 

D  x  107 
( cm-0/ sec ) 

S 

(cc(STP)/ 

ce/atm) 

Sample 

10-0#  Rutile 

0 

1.68 

2.68 

0.476 

25 

2.83 

5.02 

0.428 

32 

3.29 

5.55 

0.450 

50 

4.72 

7.92 

0.453 

6o 

5.95 

10.2 

0.443 

Sample 

11-5.2#  Rutile 

0 

1.34 

2.49 

0.409 

25 

2.26 

4.56 

0.376 

32 

2.70 

5.02 

0.409 

50 

3.86 

7.52 

0-390 

6o 

4.35 

8.25 

0.401 

Sample 

12-10.4#  Rutile 

25 

2.13 

4.06 

0.399 

32 

2.44 

4.51 

0.4n 

50 

3.54 

6.66 

0.4o4 

60 

4.22 

7.62 

0.421 

Simple 

IR-PO.-H  Rutile 

0 

0.95 

2.09 

0.348 

25 

1.87 

3.78 

0.378 

32 

2.08 

4.65 

0.341 

50 

3.05 

6.36 

0.364 

6o 

3.86 

8.13 

0.366 

